In this report, we present paleomagnetic and rock magnetic results from samples recovered during Integrated Ocean Drilling Program Expedition 316. Expedition 316 was designed to evaluate the deformation, inferred depth of detachment, structural partitioning, and fault zone physical characteristics and fluid flow of the Nankai Trough seismogenic zone in the Philippine Sea, off the east coast of southwestern Japan. Drilling was conducted at two sites in the megasplay region (Sites C0004 and C0008) and two sites within the frontal thrust region (Sites C0006 and C0007). Progressive demagnetization experiments conducted on discrete rock samples demonstrate that these rocks contain a stable natural remanent magnetization of both polarities, with unblocking temperatures slightly below the Curie temperature of magnetite. Two general types of behavior were found in the rock magnetic measurements of Expedition 316 cores. One group has a single phase of Ti-poor titanomagnetite. Several representative samples of this titanomagnetite group exhibit a Verwey transition in the vicinity of 120 K, which is in good agreement with the thermomagnetic characteristics of titanomagnetites with Curie temperatures of 580°C that were identified. The second group is characterized by more than one Curie temperature, which suggests the presence of multiple magnetic phases. Thermomagnetic signatures indicate the inversion of titanomaghemite to a strongly magnetized magnetite and hysteresis ratios clustering toward the multidomain region (with higher H cr /H c ratios). The samples analyzed in this study indicate that rock samples from Expedition 316 sites have general good magnetic stability, supporting the inference that the characteristic directions of magnetization isolated from the Nankai Trough drill sites were acquired during original deposition and the stable inclinations identified from these samples are useful for tectonic studies.
Introduction
mation front (Kimura et al., 2007) . Integrated Ocean Drilling Program (IODP) Expedition 316 is part of the Nankai Trough Seismogenic Zone Experiment (NanTroSEIZE) complex drilling project. The fundamental goal of NanTroSEIZE is to sample and instrument the plate boundary system at several locations offshore the Kii Peninsula of southwest Japan, where violent, large-scale earthquakes have occurred repeatedly throughout history (Ando, 1975; Tobin and Kinoshita, 2006a, 2006b ). The last major earthquakes in this region occurred in 1944 and 1946 (Fig.  F1) , and the next earthquake is anticipated in the middle of this century.
During Expedition 316, cores were collected from four sites along a transect lying almost perpendicular to the Nankai Trough offshore the Kii Peninsula, central/southwestern Japan (Fig. F2) . Two major thrust fault systems were sampled at relatively shallow depths: (1) the shallow portion of the megasplay system (Sites C0004 and C0008) and (2) the initial faulting (or frontal thrust) Sites C0006 and C0007.
Drilling at Site C0004, which is located along the slope of the accretionary prism landward of the inferred intersection of the megasplay fault zone with the seafloor (Fig. F3) , revealed that sediments consist of slowly deposited marine sediments and redeposited material from further upslope. This redeposited material provides information about past slope failures, which may be related to past megasplay movement, earthquakes, and tsunamigenesis. Cores from the megasplay fault zone record a complex history of deformation based on structural observations and two age reversals suggested by nannofossil evidence (Kimura et al., 2008) . Our postexpedition study suggests that splay fault activity varies through time, with alternating high-activity periods during which splay fault thrusting accommodates a large part of the plate convergence (Strasser et al., 2009 ). This implies periods of overall accretionary prism mechanical stability alternating with periods of prism instability, the forcing factor(s) of which remain to be discovered.
Site C0008 was drilled at the slope basin seaward of the megasplay fault (Fig. F3) . This basin records the history of fault movement. In addition, sediment layers within this basin provide a reference for the sediment underthrust beneath Site C0004. A simplified summary of lithostratigraphic units recovered at Sites C0004 and C0008 is shown in Figure F4 .
Drilling at Sites C0006 and C0007 examined the frontal thrust region of the Nankai Trough (Fig. F5) . At Site C0006, several fault zones within the prism were reached and sampled. At Site C0007, the plate boundary frontal thrust was penetrated and thrust fault material ranging from breccia to fault gouge was successfully recovered (Kimura et al., 2008) . Unlike results of previous drilling on the Nankai margin, porosity data provide no indication of undercompaction beneath thrust faults. Furthermore, pore water geochemistry data lack clear indicators of fluid flow from depth (Kimura et al., 2008) . Site C0006 lithostratigraphy consists of three units (Kimura et al., 2008) ; Site C0007 lithostratigraphy consists of four (Fig. F6) . Turbidite deposits below the slope apron units at both Sites C0006 and C0007 were interpreted by the Expedition 316 scientists as trench deposits. Based on our anisotropy of magnetic susceptibility (AMS) results, Kitamura et al. (2010) proposed a new model for the structural evolution at the toe of the prism, with the following elements:
• Underthrusting sediments induce horizontal stress in the lower part of the wedge, which reduces the effective stress and forms a high-pore pressure anomaly and zones of fracture.
• The frontal thrust is bent geometrically and ceases activity in response to an increase of friction that triggers initiation of the next-generation frontal thrust.
• The upper part of the wedge tilts accordingly, resulting in an unstable slope.
During Expedition 316, pass-through magnetometer measurements were taken on all split-core archive sections. In order to isolate the characteristic remanent magnetization (ChRM), cores were subjected to alternating-field (AF) and thermal demagnetization. Several lithologies have very high coercivity (i.e., resistance to demagnetization by alternating fields) and maximum unblocking temperatures (i.e., the temperature at which natural remanence is completely removed by heating and cooling in a zerofield environment) close to 580°C. Other lithologies are dominated by softer magnetization, with unblocking temperatures of 300°-400°C. Stable ChRM components are observed throughout the majority of the recovered cores, following removal of a lowstability drilling-induced remanence. In some cases, however, the ChRM is not resolved. Several intervals in the frontal thrust sites (e.g., 43.00-138.18 mbsf in Hole C0007B) show little drilling-induced overprinting both in natural remanent magnetization (NRM) intensity and directions. The recovered materials have very high NRM intensities. Preliminary shipboard paleomagnetic results suggested that additional and more detailed paleomagnetic and rock magnetic data were needed from shore-based laboratories to interpret the magnetic behavior of Expedition 316 cores.
Here we present new results from such a study, which involves detailed paleomagnetic and rock magnetic measurements on samples from megasplay system Sites C0004 and C0008 and frontal thrust Sites C0006 and C0007. The magnetic results from this study will help to more fully understand the nature and origin of the remanence carriers, the history of the sedimentation process, and the faulting activities of the Nankai Trough seismogenic zone.
Methods and materials
The paleomagnetic and rock magnetic data presented in this paper are from measurements performed at the paleomagnetism laboratories at University of California at Santa Cruz (UCSC; USA) and at the Institute for Rock Magnetism of the University of Minnesota (USA). Progressive AF and thermal demagnetization experiments were carried out to identify the magnetic components and investigate the nature of the remanent magnetization. Thermal demagnetization was carried out with a UCSC-built oven with a residual field of ~7 nT. AF demagnetization was performed using the automatic degaussing system built into the 2G Enterprises cryogenic magnetometer. Changes in the intensity and direction of remanent magnetization vectors during demagnetization experiments were analyzed using orthogonal vector end-point projections (Zijderveld, 1967) . Magnetic component directions were identified using principal component analysis (Kirschvink, 1980) . Data were processed using software developed by Enkin (1994; gsc.nrcan.gc.ca/sw/paleo_e.php).
For rock magnetic characterization, samples were subjected to several magnetic measurements. These included 1. Curie temperature determinations using both low and high applied fields (0.05 and 1 T, respectively); 2. Hysteresis loop parameter measurement: saturation magnetization (J s ), saturation remanence (J r ), coercivity (H c ), and remanent coercivity (H cr ); and 3. Saturation isothermal remanent magnetization as a function of temperature (10-300 K).
Curie temperatures were determined by measurement of low-field magnetic susceptibility or induced moment versus temperature (using both the Kappabridge susceptometer at UCSC and the Princeton MicroMag vibrating sample magnetometer at the University of Minnesota). To avoid oxidation that could lead to chemical alteration, we conducted thermomagnetic analyses in an inert helium or argon atmosphere. We used a graphic method (Grommé et al., 1969) to determine the Curie temperature that uses the intersection of two tangents to the thermomagnetic curve that bounds the Curie temperature. This method is most straightforward when done by hand, even though it tends to underestimate Curie temperatures with the two other methods presented by Moskowitz (1981) and Tauxe (1998) . Hysteresis parameters were determined on a Princeton Measurements corporation Alternating Gradient Force Magneotmeter (MicroMag) at UCSC using 50-100 mg rock chips. Low-temperature measurements were made from 10 K to room temperature on 100-300 mg subsamples in a Quantum Design magnetic property measurement system (MPMS) at the University of Minnesota. Samples were given a saturation isothermal remanent magnetization (SIRM) in a steady magnetic field of 2.5 T at room temperature (300 K) and then cooled in a zero field to 10 K; the remanence was measured at 5 K intervals. The sample was then given a SIRM in a field of 2.5 T before warming it to 300 K in zero field while measuring the remanence value every 5 K in sweep measurement fashion. Unlike in high-temperature measurements, there is no risk of oxidation of a sample since it is at low temperature and is not heated.
A total of 606 discrete paleomagnetic samples were used for shore-based magnetic studies. These 2.5 cm cylindrical samples were drilled from the core sections that contained long pieces, generally taken from the least deformed parts. In all cases, the uphole direction was recorded on the sample with an orientation arrow before removal from the core section. All samples were kept in a low-field environment (field-free room) to prevent viscous remanence acquisition.
Results

Paleomagnetism
One of the major experimental requirements in paleomagnetic research is to isolate the ChRM by selective removal of secondary magnetization. AF and thermal demagnetization of discrete samples revealed that samples have two magnetic components, a low-coercivity drilling overprint, which is removed after 10 to 40 mT or 400°C demagnetization, and the ChRM. Several representative examples are shown in Figure F7 . It appears that AF demagnetization is more effective than the thermal procedure in isolating the ChRM. Although the amount and coercivity of overprinting varied, most of it seems to be removed with 20-35 mT AF demagnetization for the majority of samples, allowing us to isolate the ChRM direction using principal component analysis on higher field demagnetization steps (Table T1) . Inclination values of ChRM are moderate downward or upward, roughly consistent with the expected inclination for the drill sites (expected inclination at drill sites = ±52°). Thus, sedimentary cores from Nankai
Trough have recorded a stable component of magnetization with both normal and reversed inclinations (Table T1) . A number of samples, however, have inclinations that do not resemble the time-averaged geomagnetic field. At several depth intervals in Site C0004, for example, remanent inclinations are consistently shallower (±20°-30°). Nevertheless, we note that the negative ChRM inclinations are not randomly distributed throughout the sequence but are confined to certain zones. Thus, the negative inclinations in these core sections lend support to the notion that the ChRM in these core sections may indicate a reversed polarity.
When compared to shipboard data, our results show that there is a discrepancy between mean inclinations calculated using the discrete samples and longcore measurements. Compared with corresponding discrete samples, the steeper inclination values observed in the long-core measurements may be due to an overprint that has not been completely removed.
Rock magnetism Curie temperature determination of samples
Curie temperature determinations of samples from Expedition 316 sites are presented in Table T2 . According to Curie temperatures, three different groups can be recognized. Group 1 is characterized by a single ferromagnetic phase with Curie temperatures between 570° and 590°C, compatible with that of Tipoor titanomagnetites (five samples in Table T2 ). The cooling and heating curves are reasonably reversible (Fig. F8A) . Group 2 has multiple magnetic phases. The thermomagnetic curves display one magnetic phase with Curie temperatures around 280°-390°C on heating, most likely titanomaghemite. The second high-Curie temperature phase is observed around 580°-600°C (Fig. F8B) . The large difference between heating and cooling of the sample suggests a low-temperature oxidized titanomagnetite as the main magnetic mineral. Group 3 also has multiple magnetic phases. The irreversible thermomagnetic curve of this type displays one magnetic phase with Curie temperature <200°C on heating (Fig. F8C) . The second high Curie temperature phase is observed around 570°C (five samples in Table T2 ).
Comparison of the two Curie temperatures (obtained by low-field continuous susceptibility and high-field magnetic moment versus temperature runs) on Sample 316-C0004D-30R-1, 124-126 cm (Table T2) , reveals that Curie temperatures determined by susceptibility as a function of temperature are less than those determined by high-field magnetic moment runs (Table T2) . It is not clear whether this is due to nonhomogeneous subsamples used in the two instruments.
Hysteresis loop parameters
Samples analyzed in this study indicate that rock samples from Expedition 316 sites show a predominance of multidomain domain size (Table T2) . Only a few samples exhibit pseudosingle domain size, probably indicating a mixture of mutidomain and a significant amount of single-domain grains. The low values of J r /J s in Table T2 probably indicate the presence of ultra-small superparamagnetic grains as well as large multidomain grains (Dunlop and Özdemir (1997) . We plotted examples of a room-temperature hysteresis loop for representative samples that exhibit pseudosingle domain and multidomain behavior (Fig. F9) . Hysteresis experiments also indicate both diamagnetic and paramagnetic influence.
Low-temperature properties
The study of low-temperature phase transition in magnetic minerals has been increasingly utilized in rock magnetism (Banerjee, 1992; Moskowitz et al., 1998; Özdemir et al., 1993 Cui et al., 1994; Kosterov, 2001a Kosterov, , 2001b Kosterov, , 2002 Smirnov and Tarduno, 2002) . Low-temperature measurements were made on representative samples to help characterize magnetic minerals and understand their rock magnetic properties. As shown in Figure F10 , the low-temperature curves of SIRM both in zero-field warming and cooling display a variety of features. These include an unblocking temperature in the vicinity of 40-50 K, most likely caused by superparamagnetic magnetite particles (Moskowitz et al., 1993) , and a decrease in remanence in the 100-120 K range (Fig. F10) , most likely caused by the Verwey transition (Verwey et al., 1947) . Figure F10B shows cooling and warming curves for Sample 316-C0006E-44X-6W, 24-26 cm, which has multidomain grain size. Remanence is lost at ~120-130 K as the sample both cools and warms through the Verwey transition. On the other hand, no obvious Verwey transition is observed for Sample 316-C0004D-28R-3W, 7-9 cm, during cooling to 10 K. Upon warming from 10 K, however, a tiny bend in remanence occurs near 120 K (Fig. F10D) . According to Moskowitz et al. (1998) , titanomagnetites with a high Ti replacement level (x > 0.04) could not exhibit the Verwey temperature.
Summary
In summary, sedimentary cores recovered from Expedition 316 drill sites appear to record a stable component of magnetization with both normal and re- Peninsula   138°136°134°0   100 10,000 6,000 0 2,000 4,000 8,000 200 Figure F2 . Locations of four drilling sites occupied during Expedition 316 (after Kimura et al., 2008) . NAP = North American plate, EP = Eurasian plate, PP = Pacific plate, PSP = Philippine Sea plate. Figure F3 . Three-dimensional seismic profile crossing Sites C0004 and C0008 (after Kimura et al., 2008) . VE = vertical exaggeration. Figure F5 . Three-dimensional seismic profile crossing Sites C0006 and C0007 (after Kimura et al., 2008) . VE = vertical exaggeration. Figure F7 . Representative vector end point diagrams (Zijderveld, 1967) showing the results of (A) alternatingfield and (B) thermal demagnetization for sedimentary rock samples from Expedition 316 drill sites with welldefined reversed and normal polarity ChRM magnetization. Samples 316-C0004C-1H-1, 37-37 cm, 316-C0007D-11R-1, 3-5 cm, and 316-C0004D-54R-1, 16-18 cm, are normally magnetized; Samples 316-C0008A-25H-1, 95-97 cm, 316-C0006E-20X-6, 27-29 cm, 316-C0008A-34X-1, 49-51 cm, and 316-C0006E-39X-7, 8-10 cm, are reversely magnetized. NRM = natural remanent magnetization. Straight lines in A indicate ChRM component using principal component analysis (Kirschvink, 1980) . Table T2 . Summary of rock magnetic properties of Expedition 316 samples considered for this study. (Dunlop, 2002 
